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The placement of neuronal cell 
bodies relative to the neuropile differs 
among species and brain areas. Cell 
bodies can be either embedded as in 
mammalian cortex or segregated as in 
invertebrates and some other vertebrate 
brain areas. Why are there such different 
arrangements? Here we suggest that 
the observed arrangements may simply 
be a reflection of wiring economy, a 
general principle that tends to reduce 
the total volume of the neuropile and 
hence the volume of the inclusions 
in it. Specifically, we suggest that the 
choice of embedded versus segregated 
arrangement is determined by which 
neuronal component — the cell body 
or the neurite connecting the cell 
body to the arbor — has a smaller 
volume. Our quantitative predictions 
are in agreement with existing and new 
measurements.
Nervous systems of all animals, from 
nematodes to mammals, are composed 
of neurons connected by synapses. 
In turn, each neuron comprises a 
cell body, containing a nucleus, and 
neuronal processes, or neurites, which 
conduct electrical signals between 
synapses. Intermingled neurites (both 
axons and dendrites) of multiple 
neurons with synapses between them 
are jointly referred to as a neuropile. 
Neuropiles contain most of the 
synapses, if not all of them. 
Examination of central nervous 
system microarchitecture across 
species reveals two strikingly different 
arrangements of cell bodies relative to 
the neuropile. In the first, ‘embedded’ 
arrangement, neuron cell bodies 
are spatially distributed throughout 
the neuropile, as exemplified by the 
mammalian neocortex (Figure 1A). 
In the second, ‘segregated’ 
arrangement, which is commonly 
encountered in invertebrates, each 
cell body is displaced from the 
neuropile (Figure 1B). In invertebrates, segregated neurons are typically 
monopolar, meaning that each cell 
body is connected to its arbor via 
a single neurite, which we term a 
‘stem’. Segregated arrangement is 
not exclusive to invertebrates and is 
found, for example, in the mammalian 
dentate gyrus (Figure 1C). While 
such neurons may have an axon and 
several dendrites branching from the 
cell body, we collectively refer to them 
as the stem, and still classify their 
arrangement as segregated.
What is the reason for having these 
two different arrangements in different 
systems? We address this question 
from the perspective of wiring economy, 
a principle originally proposed by 
Cajal more than a century ago [1]. This 
principle states that neural packing 
minimizes neuropile volume under 
the constraint of having a functioning 
circuit. Wiring economy has been used 
to successfully explain the placement of 
cortical areas [2] and neurons [3,4], the 
shapes of axonal and dendritic arbors 
[5,6], the topology of neural networks 
[7] and the segregation of the white and 
gray matter in the brain [8].
According to the wiring economy 
principle, embedding objects in a 
tightly packed neuropile is a costly 
proposition [9]. Indeed, adding an 
excluded volume into a neuropile 
does not just increase the neuropile 
volume by the embedded amount 
but also makes neurites of passage 
longer on average, which in turn 
increases conduction delays and 
attenuation. Assuming that time 
delays and attenuation are set 
by functional requirements, to 
compensate for such increase, 
conduction speed and cable length 
must increase. To achieve this without 
altering membrane properties, the 
caliber of neurites must grow, hence 
increasing their volume. In turn, 
this increase can be viewed as an 
additional embedded volume leading 
to further increase in neuropile 
volume, and so on. Therefore, the 
cost of embedding objects in the 
neuropile far exceeds their initial 
excluded volume, thus magnifying the 
evolutionary pressure to minimize the 
volume of embedded objects in the 
neuropile. 
On the basis of this argument, 
we suggest that the choice of an 
embedded versus a segregated 
arrangement is determined by which 
neuronal component — the cell body 
or the stem — has a smaller volume. If the cell body has a smaller volume than 
the actual or projected stem, then the 
embedded arrangement is preferred 
(Figure 1F). To see this, consider a 
thought experiment starting with such 
a preferred arrangement and relocating 
each cell body outside of the neuropile 
while keeping it connected with its 
arbor using a stem: as the volume 
of the projected stem is greater than 
that of the cell body, the volume of the 
neuropile would increase (Figure 1G). 
If, on the other hand, the cell body 
takes up a greater volume than the 
stem, then the segregated arrangement 
should be superior (Figure 1E). Indeed, 
inserting cell bodies into the neuropile 
would add more volume than saved by 
the stem elimination, thus increasing its 
total volume (Figure 1D).
To test the predictions of our theory 
we compiled a dataset of published 
anatomical data from various species, 
obtained from NeuroMorpho.org 
[10] (see also the Supplemental 
Information for further references), 
and original measurements in 
the Drosophila nervous system 
(Supplemental Table S1). For 
neuropiles containing a variety of cell 
types, we used only cell types with the 
same microarchitecture. For example, 
we analyzed pyramidal cells in the 
hippocampus and Purkinje cells in 
the cerebellum, both segregating their 
cell bodies from the neuropile (see 
Supplemental Table S2 for the full list 
of cell types). 
We computed the projected stem 
volume for each case of embedded 
neuropile by multiplying its expected 
length, approximated by the half-
thickness of a neuropile compartment, 
by the estimate of its projected 
cross-sectional area. Reasoning that 
the stem must have the capability to 
transport molecular components (in 
invertebrates) and electrical signals 
(in vertebrates) from the nucleus to 
the synapses, we require that it has 
the same cross-sectional area, as 
the neurites branching from the cell 
body. For Figure 1H, we assumed that 
the cross-sectional area of the stem 
cannot be less than that of the thickest 
neurite branching from the cell body. 
Alternatively, we computed the stem 
using the combined cross-sectional 
areas of all the neurites branching from 
the cell body, such as the apical and 
basal dendrites and the axon, in case 
of the neocortex (see Supplemental 
Experimental Procedures for details 
and Supplemental Figure S1). 
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Figure 1. The relative volume of cell bodies and stems determines the arrangement of cell bodies 
across species and brain areas.
(A) Example of an embedded arrangement: mammalian cortical tissue with a subset of neurons 
labeled using Golgi stain [1]. (B) Example of a segregated arrangement in invertebrates: an elec-
tron micrograph of the cross-section of the ventral nerve cord (the view is toward anterior, dorsal 
is up) of the first instar Drosophila larva. A tracing of a typical interneuron is overlaid. Colors here 
and in (D–G): magenta, cell body; cyan, stem; blue, neurites; green, neuropile outline. Data and 
reconstruction courtesy of Casey Schneider-Mizell, Albert Cardona and Rick Fetter. (C) Example 
of a segregated arrangement in vertebrates: mammalian dentate gyrus with neurons stained 
using Brainbow [S1,S2]. Imaged by Tamily Weissman. (D) Non-economical embedded configu-
ration. Here and in (E–G): green outline, economical neuropile; dashed red outline, non-eco-
nomical neuropile. (E) Economical segregated configuration. (F) Economical embedded con-
figuration. (G) Non-economical segregated configuration (H) Volume of the stem versus volume 
of the cell body for different species and brain areas. Colored arrows show wiring economy 
prediction. Green, embedded neuropiles; magenta, segregated neuropiles; dashed black line, 
Vcell body = Vstem. For the actual embedded neuropiles the volume of a projected stem has 
been computed; see Supplemental Information for full experimental procedures. Wiring economy and the dimensions 
of neuronal components predict 
correctly the actual microarchitecture 
of each neuropile across brain areas 
and species (Figure 1H and Figure S1). 
For 4487 neurons grouped by various 
animals and areas of the nervous 
systems, we plot stem volume vs. cell 
body volume. According to our theory, 
segregated neuropiles (Figure 1H, 
magenta symbols) should lie below 
the diagonal (Vcell body = Vstem) 
(Figure 1H, black line) and embedded 
neuropiles (Figure 1H, green symbols) 
should lie above the diagonal, which 
is indeed the case. 
To summarize, we explored the 
hypothesis that the segregated and the embedded arrangements arise 
as alternative packing solutions and 
demonstrated that the choice between 
the two arrangements depends on the 
relative volume of the cell body and the 
(possibly projected) stem. Therefore, 
the functional difference between 
the neurons in the segregated and 
embedded arrangements does not 
necessarily have to exist. Our result 
allows one, based on the observed 
packing solution, to predict the relative 
volume of cell bodies and existing or 
projected stems and vice versa. While 
these predictions are in agreement with 
the existing and new measurements 
presented here, they can be further 
tested in other species and brain areas. If a disagreement between 
our predictions and empirical data is 
found in some other system, it would 
suggest a possible other evolutionary, 
developmental or functional constraint, 
that would be hard to identify otherwise. 
Supplemental Information
Supplemental Information includes ex-
perimental procedures, one figure and 
two tables and can be found with this 
article online at http://dx.doi.org/10.1016/
j.cub.2013.12.012.
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